A series of ferrocenyl-and aryl-functionalised organosilane thiosemicarbazone compounds was obtained via a nucleophilic substitution reaction with an amine-terminated organosilane. The thiosemicarbazone (TSC) ligands were further reacted with either a ruthenium dimer [(η 6 -i PrC 6 H 4 Me)Ru(μ-Cl)Cl] 2 or a rhodium dimer [(Cp*)-Rh(μ-Cl)Cl] 2 to yield a series of cationic mono-and binuclear complexes. The thiosemicarbazone ligands, as well as their metal complexes, were characterised using NMR and IR spectroscopy, and mass spectrometry. The molecular structure of the binuclear ruthenium(II) complex was determined by single-crystal X-ray diffraction analysis. The thiosemicarbazones and their complexes were evaluated for their in vitro antiplasmodial activities against the chloroquine-sensitive (NF54) and chloroquine-resistant (Dd2) Plasmodium falciparum strains, displaying activities in the low micromolar range. Selected compounds were screened for potential β-haematin inhibition activity, and it was found that two Rh(III) complexes exhibited moderate to good inhibition. Furthermore, the compounds were screened for their antitrichomonal activities against the G3 Trichomonas vaginalis strain, revealing a higher percentage of growth inhibition for the ruthenium and rhodium complexes over their corresponding ligand.
Improved antiparasitic activity by incorporation of organosilane entities into half-sandwich ruthenium(II) and rhodium(III) thiosemicarbazone complexes † 
Introduction
Parasitic diseases such as malaria and trichomoniasis are rife due to the emergence of strains that are resistant to widely used, cost-effective drugs. Malaria, a highly infectious parasitic disease caused by the plasmodium protozoan, is responsible for over 2 million cases worldwide. 1 Chemotherapeutic drugs used to treat the disease consist mainly of quinoline-based drugs (e.g. Chloroquine) and artemisinin combination therapies (ACTs). ACTs are drug regimens in which one compound, an artemisinin derivative, is a fast but short-acting drug while the other drug has a longer half-life, enabling it to clear any remaining parasites. 2 Trichomoniasis is the most common sexually transmitted parasitic disease caused by the protozoal parasite Trichomonas vaginalis. Trichomoniasis is generally easily treatable; however, in most cases the infected individual is asymptomatic. If left untreated, the disease could spread or make the infected individuals more susceptible to HIV, cervical and aggressive prostate cancer. [3] [4] [5] [6] [7] Antitrichomonal drugs consist mainly of 5-nitroimidazole compounds whereas current treatments are the FDA approved drugs such as metronidazole or tinidazole. 8, 9 However, a common problem pertaining to the treatment of parasitic diseases is the tendency of a parasite to develop resistance. Therefore, alternative strategies have been employed to address this problem. One such strategy involves the incorporation of metals into drugs with known pharmacological properties. The clinical success of transition metal complexes such as cisplatin, as well as compounds currently in clinical trials such as the ruthenium complex NKP-1339 or ferroquine, has demonstrated that the use of transition metals is a promising strategy. [10] [11] [12] In an effort to improve lipophilicity and concomitant drug accumulation, silicon has previously been incorporated into the scaffold of a known drug to either enhance the potency of the drug or remodel the drug for the treatment of another disease. The silicon-containing compounds generally exhibit enhanced pharmacological activity and reduced toxicity when compared to their corresponding non-silicon analogues. [13] [14] [15] In the case when a compound enters the cell via membrane crossing, the more lipophilic nature of silicon-containing compounds has been associated with enhanced cell and tissue penetration. 13 Smith et al. prepared a series of quinoline and ferroquine organosilane derivatives which were evaluated for their antiplasmodial activity against chloroquine-sensitive (NF54) and chloroquine-resistant (Dd2) strains. 16, 17 The quinoline derivatives exhibited activity in the low nanomolar range, whilst the ferroquine derivatives exhibited nanomolar range activities comparable to or significantly greater than both chloroquine and ferroquine. 16, 17 Thiosemicarbazones are Schiff-base type compounds known for their pharmacological properties, particularly as antiparasitic [18] [19] [20] [21] [22] and antitumoural agents. 18, [23] [24] [25] [26] Generally, thiosemicarbazones act as chelating agents for various endogenous metal ions by bonding through the sulfur atom and the imine nitrogen atom. The precise mode of action of thiosemicarbazones on the parasite is currently unknown. However, different modes of action have been hypothesised for antimalarial agents: mechanisms such as binding to cysteine proteases, forming toxic complexes when bound to the cellular metals (generation of reactive oxygen species), preventing the uptake of cellular iron thus inhibiting various enzymes including ribonucleotide reductase (DNA synthesis) as well as interfering with electron transport and pentose phosphate shunt enzymes. [27] [28] [29] [30] The formation of metal complexes may aid either the transport into, or the accumulation of the compound within the active site, due to the lipophilicity of the compound changing upon coordination. 31 Studies previously conducted by our group based on nonchloroquine-based derivatives identified thiosemicarbazonecontaining compounds 18, 21, 32, 33 which exhibited moderate antiplasmodial and antitrichomonal activity (Fig. 1) . It was observed that the compounds containing chlorides on the aromatic ring generally displayed better activity against P. falciparum and T. vaginalis than the compounds with unsubstituted aromatic rings. 21 Herein, we now report on the synthesis and biological activities of a series of half-sandwich organometallic thiosemicarbazone complexes after incorporating an amine-terminated organosilane on the terminal nitrogen. This study aims to show their increased biological activity through increased lipophilicity when endowed with an organosilane entity.
Results and discussion
Schiff-base dithiocarbamates (1a-b; 2b) were prepared following published methods, [34] [35] [36] and a similar method was followed to synthesise the new compound 2a (Scheme 1). The Schiff-base dithiocarbamates were reacted with the amines, (aminomethyl)-trimethylsilane and N,N′-dimethylpropanamine, to afford the silicon-containing thiosemicarbazones 3a-b, 4a-b and compound 5 (Scheme 1 The compounds were characterised using 1 H and 13 C NMR spectroscopy. The presence of a singlet in the range of 0.10-0.18 ppm (3a-b; 4a-b) and a singlet at 1.04 ppm (5) confirms the displacement of the methanethiolate group (1a-b; 2a-b) with the Si(CH 3 ) 3 and C(CH 3 ) 3 containing amine groups. It has also been observed that the CH 2 protons couple to the proton of the adjacent secondary amine (CH 2 NH), resonating as a doublet, while the amine proton resonates as a triplet. Additionally, in the 13 C NMR spectra the displacement of the methanethiol group with the amine-terminated organosilane results in a more shielded thiocarbonyl carbon which resonates at ca. 178 ppm (e.g. 199.07 ppm for 2a). The 1 H NMR spectra of these chiral ruthenium and rhodium complexes display peaks which are characteristics of these types of chiral N,S-chelate systems. 21, 37, 38 The characteristic splitting pattern of the p-cymene arene ring is observed: methyl groups (isopropyl) resonate as two doublets; four doublets for the aromatic protons. 21, [37] [38] [39] A singlet is observed for the pentamethylcyclopentadienyl ring in the 1 H NMR spectra of the rhodium complexes.
The thiosemicarbazone compounds (3a-b; 4a-b; 5) were analysed using EI + -MS, and the molecular ion peak is observed at m/z 373, 387, 333, 347 and 331 respectively. In the ESI + mass spectra of the ruthenium complexes 6a-b, 7a-b and 8 the peak is observed at m/z 304, 311, 284, 291 and 283 respectively for the fragment [M − Cl] 2+ (M refers to the cationic portion excluding the Cl counter-ion). The same fragment is observed at m/z 305, 312, 285, 292 and 284 for rhodium complexes 9a-b, 10a-b and 11 respectively. Single crystals of compound 6b were grown by the slow diffusion of pentane into a solution of 6b in chloroform, and analysed using single crystal X-ray diffraction analysis. The compound crystallised as red blocks with a molecule of chloroform in a monoclinic crystal system with space group P2 1 /c. Crystallographic data are presented in Table 1 and selected bond lengths and angles are listed in Table 2 .
As seen in Fig. 2 and looking at the bond angles around the ruthenium metal centre (Table 2) , the compound has a pseudo-tetrahedral geometry around the ruthenium(II) metal. The selected bond lengths and angles listed in Table 2 are similar to those observed for analogous compounds. 23, 37, 40, 41 The bond length of C(5)-S [1.701(4) Å] was compared to similar complexes, as well as similar ligands, and was found to be comparable, which suggests that the ligand chelates in the thione form (Table 2) . 23, 37, 42 This is also confirmed by com- (5) is not a double bond and thus the thiosemicarbazone chelates in the thione form.
23,37
Predicting the log P values of dithiocarbamates and thiosemicarbazones
The incorporation of silicon into the framework of these compounds was carried out on the basis that an enhancement of the compound's lipophilicity may lead to the enhancement of biological activity as well as a reduced cytotoxicity to noninfected cells. Table 3 lists the log P values either calculated using Marvinsketch or estimated using the method described in the Experimental section.
Comparison of the dithiocarbamate with the corresponding TSCs showed that incorporation of the side chain led to an increase in the log P value (Table 3) . A more significant increase is observed for the organosilane TSCs than the nonsilicon TSC (5) . Furthermore, the log P values of two nonsilicon thiosemicarbazones which are analogous to compounds 3a and 4b, and contain a terminal primary amine, were calculated. Their log P values were significantly lower than the thiosemicarbazones evaluated in this study and in certain cases, lower than chloroquine. 43 
In vitro antiplasmodial and cytotoxicity studies
The in vitro antiplasmodial activities of the ferrocenyl-(1a-b) and aryl-derived (2a-b) Schiff-base dithiocarbamates and their corresponding organosilanes (3a-b; 4a-b) and the non-silicon (5) thiosemicarbazone were evaluated against two P. falciparum strains, NF54 (chloroquine-sensitive) and Dd2 (chloroquineresistant). The ruthenium (6b; 7a-b; 8) and rhodium (9a; 10a-b; 11) complexes were also evaluated against the two strains. Chloroquine diphosphate (CQDP) and Artesunate were used as the control drugs in this study, and the antiplasmodial data are listed in Table 4 . Only compounds displaying IC 50 values in the low micromolar range (against the NF54 strain) were further tested against the Dd2 strain, and the cytotoxicities of these compounds were evaluated against the Chinese hamster ovarian (CHO) cell line with Emetine as the control drug.
Comparing the data for the Schiff-base dithiocarbamates (1a-b; 2a-b) it is observed that 1b and 2b (R 2 = CH 3 ) are the most active with IC 50 values 3.76 and 2.59 μM respectively. However, a loss of activity was observed towards the Dd2 strain, and 1b and 2b were found to be more toxic towards non-infected cells (CHO cell line). Incorporation of the organosilane moiety generally led to the enhancement of activity for thiosemicarbazones 3a, 4a and 4b compared to the dithiocarbamates. Previously evaluated thiosemicarbazones with unsubstituted terminal amines were less potent than the organosilane thiosemicarbazones mentioned herein. 32, 44 Even though a slight loss of activity was observed against the Dd2 strain, these organosilane thiosemicarbazones were found to be more selective towards the parasite strains than the noninfected cell-line. Compound 5, a non-silicon derivative of 4b, was tested to determine whether any observed activity can be attributed to the incorporation of the silicon atom or the entire group on the terminal nitrogen. Compound 5 (175.74 μM) was found to be significantly less potent compared to its silicon counterpart 4b (2.24 μM), which suggests that the incorporation of the silicon atom may play a role in improving the potency. The log P values for the Schiff-base dithiocarbamates and the thiosemicarbazones were predicted ( Table 3 ). The TSCs which displayed the higher log P values generally displayed the lowest IC 50 values. Additionally, the ferrocenyl [3.43 μM (NF54); 6.40 μM (Dd2)] and 3,4-dichloroacetophenone [14.1 μM (NF54); 9.82 μM (Dd2)] analogues were found to have lower log P values (Table 3 ) and higher IC 50 values than the corresponding TSCs evaluated in this study. 21, 32 This suggests that a difference in lipophilicity may assist in the compounds' mode of action. The ruthenium complexes were observed to be slightly less active than the corresponding thiosemicarbazones. A further loss of activity is observed when evaluated against the Dd2 strain. On the other hand, the potency of the non-silicon thiosemicarbazone is significantly enhanced upon complexation with ruthenium (8; 2.57 μM). However, compound 8 does not display selectivity towards the parasitic strains versus the mammalian cell line, whereas the silicon-containing ruthenium complexes are more selective towards the parasitic strains. The rhodium complexes exhibit activities in the low micromolar range, and the corresponding silicon-containing complexes are once again less cytotoxic towards the CHO cell line when compared to the non-silicon containing rhodium complex (11) .
The resistance index [RI = IC 50 (Dd2)/IC 50 (NF54)] was calculated and the tested compounds had lower RI values than chloroquine (RI = 19.59). The rhodium complexes generally had RI values below 1. This also suggests that they may be less susceptible to cross resistance.
At this stage, no conclusive statement can be made regarding the use of ruthenium versus rhodium.
β-Haematin inhibition studies
Haemozoin is an important target of many antimalarials, including chloroquine. When chloroquine reaches the digestive vacuole of the malaria parasite, it binds to a toxic product of haemoglobin degradation known as haematin (ferriprotoporphyrin IX) and prevents conversion into less toxic haemozoin. Large amounts of haematin in the digestive vacuole will result in parasite damage. The NP-40 detergent mediated assay was used to establish whether selected thiosemicarbazone compounds prepared in this study inhibit β-haematin (synthetic haemozoin) formation. 45 The neutral detergent, NP-40, is used to mimic lipids and mediate β-haematin formation in the assay. The amount of β-haematin was quantified using the colorimetric pyridine ferrochrome method developed by Egan et al. 46 Three of the most active compounds (4b, 9a and 10b)
were screened for their ability to inhibit β-haematin formation. Table 5 gives the IC 50 values obtained for this study.
Compounds 4b, 9a and 10b were screened with chloroquine for β-haematin inhibition activity. Ligand 4b did not exhibit activity at the tested concentration. Complex 10b was found to be the most active compound, exhibiting an IC 50 value of approximately 38 µM, and was also more active than chloroquine. Complex 9a exhibited moderate β-haematin inhibition activity (IC 50 = 150 µM). From the data it is observed that the complex possessing the chlorido moieties (10b) exhibits good β-haematin inhibition activity. The electron withdrawing chloride positioned on the quinoline ring of chloroquine and ferroquine is essential for β-haematin inhibition by providing the correct charge distribution. Therefore the presence of the increased number of chlorido moieties on 10b may enhance the β-haematin inhibition activity. The complex also displays enhanced activity compared to its free ligand (4b). This may be a consequence of the higher lipophilicity of the complex compared to the ligand. There also appears to be some relationship between the antiplasmodial activity and the ability of the tested compounds to inhibit haemozoin formation. Compound 4b was the least effective inhibitor of β-haematin formation and also displayed lower antiplasmodial activity than 9a and 10b. Complex 10b inhibited β-haematin formation to a greater extent and was also more active than 4b and 9a in the NF54 and Dd2 strains of P. falciparum. Since compound 4b exhibited good antiplasmodial activity but not very good β-haematin inhibition activity, these compounds may act by a different mechanism of action. This suggests that haemozoin may not be the only target, but may be one of the reasons for the activity of these compounds.
In vitro antitrichomonal studies
In vitro antitrichomonal screening was carried out for the synthesised compounds (50 μM samples) to determine general growth inhibition against the strain G3 of Trichomonas vaginalis. DMSO was employed as a control for the screening, and the antitrichomonal activity data are listed in Table 6 . The Schiff-base dithiocarbamates (1a-b, 2a-b) and thiosemicarbazones (3a-b, 4a-b, 5) generally displayed poor inhibitory effects (<50% , Table 6 ). However, complexation of the thiosemicarbazones with ruthenium and rhodium led to a significant enhancement of the inhibitory effects (>90%). As proposed, the non-silicon containing thiosemicarbazone ligand (5) and rhodium complex (11) displayed the lowest inhibitory effects when compared to the silicon containing thiosemicarbazones and the rhodium complexes respectively (Table 6 ).
Only 
In vitro anti-tumour studies
Ferrocenyl compounds such as ferrocifen and its analogues have displayed significant antiproliferative effects on human cancer cell-lines. 47, 48 Therefore, preliminary anti-tumour studies were carried out on selected ferrocenyl compounds to determine whether they display anti-tumour activities. The ferrocenyl Schiff-base dithiocarbamates (1a-b), the organosilane thiosemicarbazones (3a-b), and a ruthenium complex (6a) were screened against cisplatin-sensitive (A2780) and cisplatinresistant (A2780cisR) human ovarian carcinoma cell lines, as well as non-tumourigenic human fibroblast cells (KMST-6).
The anti-tumour activities are listed in Table 7 .
The Schiff-base dithiocarbamates 1a (R 2 = H) appear to be slightly more active than 1b (R 2 = CH 3 ) against both A2780 and A2780cisR cell lines (Table 7) . Upon the formation of the organosilane thiosemicarbazone a loss of activity is observed for 3a, whilst 3b [R 2 = CH 3 ; 82.13 μM (A2780); 113.4 μM (A2780cisR)] displays a slight enhancement of activity. A significant enhancement of activity is observed for the ruthenium complex [6b; R 2 = CH 3 ; 12.45 μM (A2780); 18.91 μM (A2780cisR)] when compared to the TSC 3b. The activity against the resistant strain is comparable to the activity of cisplatin (18.90 μM). In general, all the compounds exhibited similar cytotoxicities against the tumourigenic cell-lines and the non-tumourigenic cells, which leads to unfavourably low selectivity index values.
Conclusions
We have introduced a series of organosilane-containing thiosemicarbazone ruthenium(II) and rhodium(III) complexes as antiparasitic agents. The compounds generally exhibited activi- ties in the low micromolar range when screened against chloroquine-sensitive (NF54) and chloroquine-resistant (Dd2) P. falciparum strains. Two rhodium(III) complexes inhibited β-haematin formation, suggesting that this may be a mode of action for their antiplasmodial activity. The organosilane compounds were also found to be less cytotoxic towards the Chinese hamster ovarian cell line than the non-silicon containing complexes. Antitrichomonal data suggested that ruthenium(II) and rhodium(III) complexes generally display greater inhibitory effects against the G3 strain of Trichomonas vaginalis when compared to the uncoordinated compounds. Furthermore, rhodium(III) complexes demonstrated higher inhibitory action compared to ruthenium(II) complexes, and the silicon-containing compounds were more effective than the non-silicon compounds.
The ruthenium-arene and rhodium-cyclopentadienyl fragments are believed to enhance the lipophilicity of the compounds to which they coordinate by imparting hydrophobic character to the molecule, which may assist in passive diffusion through cell membranes, thus enhancing cellular accumulation. The presence of the ring may also facilitate interactions of the complexes with DNA or proteins. 19, 49 Perhaps these factors play a role in the inhibition observed for the ruthenium and rhodium complexes evaluated in this study.
Overall, the silicon-containing compounds displayed greater activity towards the P. falciparum parasitic strains compared to the non-infected cell line, and the proposed idea that silicon-containing compounds are more effective and less cytotoxic has been demonstrated.
Experimental

General details
All reagents and solvents were purchased from commercial suppliers. All reagents were purchased from Sigma-Aldrich or ABCR Chemicals and were used without further purification. shifts are referenced to the deuterated solvent. Infrared (IR) spectra were determined using a Perkin-Elmer Spectrum 100 FT-IR spectrometer and were recorded using KBr pellets or ATR. Elemental analyses (C, H and N) were performed on a Thermo Flash 1112 Series CHNS-O analyser. Mass spectrometry was either carried out on a JEOL GCmateII and data were recorded using the Electron Impact (EI) mode or on a Waters API Quattro Micro triple quadrupole mass spectrometer (samples were injected into a stream of 50% acetonitrile and 0.1% formic acid) and data were recorded using electrospray ionisation (ESI) mass spectrometry in the positive mode. Melting points were determined using the Büchi Melting Point apparatus B-540.
Schiff-base dithiocarbamates
Schiff-base dithiocarbamates 2a. Methyl hydrazinecarbodithioate (1.01 g, 8.28 mmol) was suspended in dry isopropanol (5.00 mL), after which the solution of 3,4-dichlorobenzaldehyde (1.45 g, 8.29 mmol) in iso-propanol (10.0 mL) was added. The pale yellow mixture was heated at 70°C for 24 h, during which the starting material was dissolved followed by the precipitation of a solid. The solid was collected by suction filtration and washed with cold isopropanol. Off-white solid. Yield (1.58 g, 68%) . M. Thiosemicarbazone 3b. An excess of (aminomethyl)trimethylsilane (0.0900 mL, 0.672 mmol) was added to the flask under N 2 . Compound 1b (0.202 g, 0.609 mmol) and dry ethanol (15.0 mL) were added to the silane. The reaction mixture was heated at 70°C under Ar for 7 h and stirred overnight at room temperature. Water (10.0 mL) was added to the flask, thus precipitating a solid. The solid was collected by suction filtration and washed with water, followed by minimal ethanol. Orange-brown solid. Yield (0.165 g, 70%). M.p.: 125.0-126.2°C. Found C 52.42, H 6.87, N 11.07; calculated for C 17 General procedure for the synthesis of compounds 4a-b
An excess of (aminomethyl)trimethylsilane was added to the flask under N 2 . The dithiocarbamates and dry ethanol (15.0 mL) were added to the silane. The reaction mixture was refluxed under Ar for 24 h, after which water (10.0 mL) was added to the flask, thus precipitating a solid. The ethanol was removed, and the white solid was collected by suction filtration and washed with water, followed by minimal ethanol. 
Organosilane thiosemicarbazones ruthenium(II) complexes
General method
The ruthenium dimer [(η 6 -i PrC 6 H 4 Me)Ru(μ-Cl)Cl] 2 was dissolved in DCM (5.00 mL) followed by the addition of the organosilane thiosemicarbazone. The reaction mixture was stirred at room temperature for 4 h. The solvent was reduced (∼1.00 mL) and added with stirring to diethyl ether to precipitate a solid. Single crystal X-ray diffraction X-ray single crystal intensity data were collected on a Nonius Kappa-CCD diffractometer using graphite monochromated MoKα radiation (λ = 0.71073 Å). The temperature was controlled using an Oxford Cryostream cooling system (Oxford Cryostat). The strategy for the data collection was evaluated using the Bruker Nonius "Collect" program. Data were scaled and reduced using DENZO-SMN software. 53 Absorption correction was performed using SADABS. 54 The structure was solved by direct methods and refined by full-matrix least-squares using the program SHELXL-97 55 refining on F 2 . The diagram was produced using the program PovRay and the graphic interface X-seed. 56 All non-hydrogen atoms, except those of the solvent molecule, were refined anisotropically. The solvent molecules exhibit high thermal motions and were disordered. Therefore only the carbon atom C28 was refined anisotropically. The chlorine atoms were modelled over two positions each, with site occupancy factors of 0.55 and 0.45 respectively and were refined with isotropic temperature factors. All hydrogen atoms, except H1 and H2, were placed in idealised positions and refined in riding models with U iso assigned the values of 1.2 or 1.5 times the U eq of the atoms to which they are attached and the constraint distances of C-H ranging from 0.95 Å to 1.00 Å. The hydrogens H1 and H2 were located in the difference Fourier maps and refined with the bond length constraint d(N-H) = 0.97 Å. The structure was refined to an R factor of 0.0519. The parameters for crystal data collection and structure refinements, bond lengths, angles, and torsion angles are contained in the file MA218.SUP.
Calculation of log P values
The modified method put forward by Stringer et al. combines the fragmental approach proposed by Rekker et al. 57 and
Lanez et al. [58] [59] [60] with log P data from Marvinsketch V14.9.29.0
to predict the log P of the Fc compounds. 61 Stringer et al. used
Marvinsketch (weighted method) to predict the log P of a benzene derivative. The data were then used in the following equation:
log P ðFc derivativeÞ ¼ log P ðbenzene derivativeÞ À f ðbenzene fragmentÞ þ f ðfc-HÞ where log P (benzene derivative) is calculated using Marvinsketch, f (benzene fragment) is obtained from Marvinsketch, f (fc-H) is obtained from the reference by Lanez et al. 58 to predict the log P values of ferrocenyl compounds with published experimental log P data. The calculated log P versus experimental log P data was plotted, and the graph equation was determined.
The log P values were corrected using the following straight line equation:
e.g. compound 1a
Initial prediction: 
Antiplasmodial assay
Continuous in vitro cultures of asexual erythrocyte stages of P. falciparum were maintained using a modified method of Trager and Jensen. 62 A quantitative assessment of antiplasmodial activity in vitro was determined via the parasite lactate dehydrogenase assay using a modified method described by Makler. 63 The antiplasmodial assay was conducted according to previously published methods. 63 A full dose-response was performed for all compounds to determine the concentration inhibiting 50% of parasite growth (IC 50 -value). Test samples were tested at a starting concentration of 100 μg ml −1 , which was then serially diluted 2-fold in complete medium to give 10 concentrations, with the lowest concentration being 0.2 μg ml −1 . Reference drugs were tested at a starting concentration of 1000 ng ml −1 . Active compounds were retested at a starting concentration of 10 μg ml −1 or 1000 ng ml −1 . The highest concentration of the solvent to which the parasites were exposed had no measurable effect on the parasite viability (data not shown). The IC 50 values were obtained using a non-linear dose-response curve fitting analysis via Graph Pad Prism v.4.0 software.
Cytotoxicity assay
The MTT-assay is used as a colorimetric assay for cellular growth and survival, and compares well with other available assays. 64, 65 The test samples were tested in triplicate on one occasion. The same stock solutions prepared for the antiplasmodial activity testing were used for the cytotoxicity tests. Dilutions were prepared on the day of the experiment in complete medium. Emetine was used as the reference drug. The initial concentration of emetine was 100 μg ml −1 , which was serially diluted in complete medium with 10-fold dilutions to give 6 concentrations, the lowest being 0.001 μg ml −1 . The same dilution technique was applied to all the test samples.
The highest concentration of the solvent to which the cells were exposed had no measurable effect on the cell viability (data not shown). The IC 50 values were obtained from full dose-response curves, using a non-linear dose-response curve fitting analysis via GraphPad Prism v.4 software.
β-Haematin inhibition assay
The β-haematin inhibition assay was adapted from the method described by Wright and co-workers. 45 Compounds were prepared as a 10 mM stock solution in DMSO. The samples were tested at various concentrations between 5 and 500 μM. The stock solution was serially diluted to give 12 concentrations in a 96 well flat-bottom assay plate. NP-40 detergent was added to mediate the formation of β-haematin (305.5 μM). A 25 mM stock solution of haematin was prepared by dissolving haemin (16.3 mg) in dimethyl sulfoxide (1 mL). A 177.76 μL aliquot of the haematin stock was suspended in 20 ml of a 2 M acetate buffer at pH 4.7. The suspension was then added to the plate to give a final haematin concentration of 100 μM. The plate was then incubated for 16 hours at 37°C. The assay was analysed using the pyridine-ferrochrome method developed by Ncokazi and Egan. 46 32 μL of a solution of 50% pyridine, 20%
acetone, 20% water and 10% 2 M HEPES buffer ( pH 7.4) was added to each well. To this, 60 μL acetone was added to each well and mixed. The absorbance of the resulting complex was measured at 405 nm on a SpectraMax 340PC plate reader. The IC 50 values were obtained using a non-linear dose-response curve fitting analysis via GraphPad Prism v.5.00 software.
Antitrichomonal assay
Cultures of the G3 strain of T. vaginalis were grown in 5 ml complete TYM Diamond's media in a 37°C incubator for 24 hours. 50 mM stocks of the compounds were prepared by dissolving in DMSO and were screened against the G3 strain of T. vaginalis. Untreated cells and those inoculated with 5 μl DMSO (0.1%) were used as controls. 5 μL of 50 mM stocks of the compound library were inoculated at a final concentration of 50 μM. The results were calculated based on cell counts utilising a haemocytometer after 24 hours. IC 50 values were determined using serial dilution of the compounds. The calculated IC 50 values were then confirmed using the same assay described above.
Antitumour assay
Human A2780 and A2780cisR ovarian cancer cells and KMST-6 cells were obtained from the European Collection of Cell Cultures (Salisbury, UK). A2780 and A2780cisR cells were grown routinely in RPMI-1640 medium and KMST-6 cells in DMEM medium. Both media were supplemented with 10% fetal calf serum (FCS) and antibiotics ( penicillin and streptomycin) at 37°C and 5% CO 2 . Cytotoxicity was determined using the WST-1 assay (WST-1 = (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate). The cells were seeded in 96-well plates as monolayers with 100 μL of cell solution (approximately 5000 cells) per well and pre-incubated for 24 h in a medium supplemented with 10% FCS. The compounds were prepared as DMSO solutions, dissolved in the culture medium and serially diluted to the appropriate concentration to give a final DMSO concentration of 0.5%. 100 μL of drug solution was added to each well and the plates were incubated for another 24 h. Subsequently, WST-1 (10 μL solution) was added to the cells and the plates were incubated for a further 3 h. The WST-1 tetrazolium salt is cleaved to a soluble formazan by a cellular mechanism, the succinate-tetrazolium reductase system (EC 1.3.99.1), which occurs primarily at the cell surface. This bioreduction depends largely on the cellular production of NAD(P)H within metabolically intact and viable cells. The optical density, directly proportional to the number of surviving cells, was quantified at 450 nm, background correction was performed at 600 nm using a multiwell plate reader, and the fraction of surviving cells was calculated from the absorbance of untreated control cells. Evaluation is based on the means from three microcultures per concentration level and is analysed via GraphPad Prism v.5.00 software.
